Hot exciton transport in ZnSe quantum wells 
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The in-plane transport of excitons in ZnSe quantum wells is investigated directly by microphoto- 
luminescence in combination with a solid immersion lens. Due to the strong Frohlich coupling, the 
initial kinetic energy of the excitons is well controlled by choosing the excess energy of the excita- 
tion laser. When increasing the laser excess energy, we find a general trend of increasing transport 
length and more importantly a pronounced periodic quenching of the transport length when the 
excess energy corresponds to multiples of the LO-phonon energy. Such features show the dominant 
role of the kinetic energy of excitons in the transport process. Together with the excitation inten- 
sity dependence of the transport length, we distinguish the phonon wind driven transport of cold 
excitons and defect-limited hot exciton transport. 



The in-plane transport of excitons in semiconductor 
quantum wells (QWs) has attracted a lot of interest due 
to both fundamental and technological reasons. Gener- 
ally, there are several possible transport processes after 
an optical excitation. The first one is the classical diffu- 
sion of cold excitons|l[. In this case, the excitons have 
the same temperature as the lattice. The transport can 
be well described by the diffusion equation, with a con- 
stant diffusivity. The second process is the transport of 
hot excitons Q], initially ballistic (before the first scatter- 
ing event) and then diffusive. Since the excitons remain 
hot, the transport is coupled with the relaxation process. 
This kind of transport cannot be described by the dif- 
fusion equation, since the effective 'diffusivity' varies in 
both temporal and spatial domains. Beside these 'active' 
transport processes, which are governed by the velocity 
of the excitons, the excitons can also be passively driven 
by other factors, i.e., phonon wind|^]. Due to the increas- 
ing importance of nanostructures, transport of excitons 
or carriers has to be understood on a length scale compa- 
rable to the mean free path of the particles. It is obvious 
that here strong deviations from classical transport can 
be expected. 

During the past two decades, the transport ex- 
periments have concentrated mainly on III-V semi- 
conductor QWs. The employed optical techniques, 
namely transient-grating[[l| ||, pump-probe[^, [|, time- 
of-flight |l], |(J, microphotoluminescence {p,— PL)[Q and 
near-field pump-probe j^], have achieved an increasing 
spatial resolution. The in-plane transport of excitons in 
II- VI QWs was less investigated, and the transport has 
been regarded as classical diffusion || [jof . 

In this letter, we investigate the exciton in-plane trans- 
port in ZnSe QWs on the length scale of few /j,m by solid 
immersion lens (SIL)-enhanced /i-PL. We show that the 
exciton transport in this regime is not classical diffusion, 
but dominated by hot exciton transport. In particular, 
we exploit the effect that, in contrast to GaAs QWs, the 
initial kinetic energy of the excitons in ZnSe QWs can 
be tuned in a well defined manner, due to LO-phonon 
assisted generation of the excitons. 

The confocal /it-PL system consists of a microscope 



objective (20 X, NA=0.4) and a hemisphere SIL[]llj of 
refractive index n r — 2.2. The SIL is adhesively 
fixed to the sample surface. The spatial resolution of 
the whole system was determined to be about 400 nm 
(FWHM of the Airy pattern). The excitation source 
is a cw Thsapphire laser pumped by an Ar-ion laser 
and frequency-doubled using a BBO crystal. The laser 
beam is focused on the sample surface by the objec- 
tive. The luminescence is collected by the same objec- 
tive. A 20 fim pinhole in the image plane of the ob- 
jective limits the detection area to 455 nm in diame- 
ter. All measurements were performed at 7 K. Two sam- 
ples are studied in this investigation. Sample 1 is a 120 
periods of ZnSe (7.3 nm)/ZnSo.iSeo.g (10.7 nm) multiple 
QW grown by MOVPE. Sample 2 is a ZnSe (5 nm) single 
QW with Zno.9Mgo.1So.i6Seo.84 barriers grown by MBE. 
The PL spectra of the two samples (Fig. 1) are domi- 
nated by the peaks of the heavy hole excitons (hh), with 
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FIG. 1: Photoluminescence of sample 1 (solid) and sam- 
ple 2 (dots). Inset: An example of the spatial profiles of 
the heavy-hole exciton luminescence (upper squares) and the 
laser spot (lower squares). The curves represent the corre- 
sponding Gaussian fits. 
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similar linewidth of about 2 meV. However, we note that 
the linewidth cannot be used for comparing the quality of 
the two samples, since the carrier confinements are differ- 
ent due to the different barrier materials. Actually, the 
luminescence efficiency of sample 2 is two orders higher 
than that of sample 1, that indicates the higher quality 
of sample 2. The samples were excited locally through 
the objective, and the spectra from different positions of 
the sample were measured by scanning the pinhole in the 
image plane of the objective. This allows us to gain the 
spatial profile of luminescence by drawing the spectrally 
integrated hh intensity as function of spatial position. 
The upper squares in the inset of Fig. 1 give an example 
of the spatial profiles measured in this way. By Gaussian 
fit, shown as the upper curve, we obtained the transport 
length as the FWHM of the Gaussian function. The pro- 
file of the laser spot was also measured during the same 
scan, as shown in the lower part of the inset. 

The exciton formation and relaxation processes in 
these samples are well understood from monitoring the 
temporal evolution of the LO-phonon replica|l2|]. In 
Fig. 2, we show a schematic drawing of these processes. 
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FIG. 2: Schematic drawing of the exciton formation as- 
sisted by LO-phonon emission and the subsequent relaxation 
by LO-phonon and acoustic phonon (AC) emissions. 

After the optical excitation, the electron-hole pairs cre- 
ated in continuum states form excitons directly assisted 
by emission of LO-phonons within few ps, due to the 
strong Frdhlich coupling in polar II- VI quantum struc- 
tures. These hot excitons relax rapidly by emission of 
LO-phonons, until their kinetic energy is lower than the 
LO-phonon energy, Elo (31.8 meV for both samples, 
measured by Raman spectroscopy). Then the relax- 
ation can only be achieved slowly by emission of acoustic 
phonons and continues over some 100 psQ. We define 
the excess energy of the excitation, E excess , as the dif- 
ference between the laser energy and the energy of the 
hh exciton resonance, Ei aser — E^h- In this investigation, 
Eexcess is chosen such that the exciton can only emit one 
or two LO-phonons after formation. In this case, we can 



define the exciton initial kinetic energy of the slow re- 
laxation process realized by acoustic phonon emission to 
be Ei n i = E excess — uElo, in which n equals to 1, 2 or 
3 depending on E excess . By tuning the E excess , we can 
periodically tune the Ei n i, and thus the initial in-plane 
group velocity of the excitons, to investigate the influence 
of this velocity on the transport process. 

Figure 3 shows the excess energy dependence of the 
transport length for both samples. When E excess < Elo, 
the luminescence is very weak due to the inefficient exci- 
ton formation since the LO-phonon emission path is not 
available. We note that in the case of E excess w Elo, 
the hh peak is superimposed by a strong resonant Raman 
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FIG. 3: Excess energy dependence of the transport length at 
an excitation intensity of 1 kW/cm 2 . Sample 1: stars; sample 
2: squares. 

scattering peak. By multi-peak fitting, we can subtract 
the later from the hh peak, so the spatial profile gained in 
this case is not influenced by the Ramam scattering. In 
Fig. 3, we can observe two features: (1) a general trend of 
increasing transport length with increasing E excess and 
more importantly (2) a pronounced periodic quenching 
of the transport length when E excess w uElo- 

In Fig. 4, we show the excitation intensity dependence 
of the transport length of sample 1. Several values of 
Eexcess are chosen in the range of I£xo to 2Elo, an d 
the corresponding values of the -Bj„, are shown in Fig. 4. 
We estimate the exciton density from the excitation in- 
tensity, as shown in Fig. 4 as the top axis. An absorption 
coefficient of 6.5 x 10 4 /cm (measured by absorption spec- 
troscopy) and a decay time of 300 ps (measured by time- 
resolved photoluminescence) are used for this estimation. 
We find from Fig. 4 that in the cases of small Em (1 meV 
and 7 meV), the transport length increases sub-linearly 
with the excitation intensity. For higher Ei„i, the trans- 
port length is independent on the excitation intensity. 

In the case of phonon wind driven transport, the trans- 
port length increases with the excitation intensity [H, 
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FIG. 4: Excitation intensity dependence of the transport 
length of sample 1. 



while for the classical diffusion of cold excitons and the 
hot exciton transport, the transport lengths are indepen- 
dent on the excitation intensity. In our experiment, when 
the E excess is slightly larger than nE^o, cold excitons are 
generated with small Ei n i. According to the excitation 
intensity dependence behavior, these cold excitons are 
driven by phonon wind. Increasing the E excess within one 
period, we observe the increase of the transport length 
in Fig. 3. This behavior can be explained by either the 
hot exciton transport or the phonon wind driven model. 
In the former case the Ei n i increases with E excess , while 
in the latter case, the force of the phonon wind also in- 
creases with the E excess due to the increasing of the num- 
ber of phonons emitted during the relaxation of the exci- 
tons. However, the latter possibility can be ruled out by 
the strong periodic feature observed in Fig. 3. As men- 
tioned above, the Ei n i is a periodic function of the E exC ess 
with a period of Elo due to the fast LO-phonon emission. 
Thus, the periodic feature can be well explained by the 
hot exciton transport. In the phonon wind driven model, 
the wind force is anticipated to be increase monotonously 
with Eexcess, since the LO-phonons emitted during the 
relaxation decay into acoustic phonons within few ps [fL3| . 
For these reasons, we attribute the transport of the exci- 
tons with high Ei n i to the hot exciton transport. Actu- 
ally, since the phonon wind cannot drive the excitons at 
drift velocities exceeding the sound velocity the influ- 
ence of the phonon wind on the hot excitons should be 
weak. The above explanations are confirmed by the inde- 
pendence of transport length on the excitation intensity 
for hot excitons, as observed in Fig. 4. 

Finally, we discuss briefly the influence of defects on 
the transport properties. In Fig. 3, we find the trans- 
port length of sample 2 is larger than that of sample 1. 



The dip around lE^o is more pronounced in sample 1 
than in sample 2, comparing with the dips around 2E^o- 
In the case of Eexcess ~ IElq (see E exc in Fig. 2), the 
exciton formation is inefficient due to the small momen- 
tum difference. However, the formation can be assisted 
by the relaxation of momentum conservation due to de- 
fects (shown as the dashed line after the E exc in Fig. 2). 
Thus, the dip around IElo is anticipated to be more pro- 
nounced in the sample containing more defects (sample 
1, due to the smaller transport length and the lower lumi- 
nescence efficiency) . Furthermore, the periodic feature of 
the transport length is more pronounced in sample 1 than 
in sample 2 (see the dips around 3-Elo)- This coincides 
with the fact that normally in PLE, the LO-phonon cas- 
cades are easier to be observed in the samples containing 
more defects, and can be attributed to the loss of exci- 
tons during the slow relaxation process. The difference 
of the two samples implies that the hot exciton transport 
in these samples is limited by defects. This statement is 
also consistent with calculations of the transport length 
from exciton acoustic-phonon interaction neglecting de- 
fects, which yields expected values of about 10 /im. 

In summary, we measured directly the in-plane trans- 
port of excitons in ZnSe QWs on the length scale of few 
/im by SIL-enhanced /Lt-PL. Due to the strong Frohlich 
coupling, the initial kinetic energy of the excitons is well 
controlled by tuning the laser excess energy. We find the 
dominant role of the kinetic energy of excitons in the 
transport process. The cold excitons are driven by the 
phonon wind. For the excitons with high initial kinetic 
energies, the process is dominated by the hot exciton 
transport. Furthermore, the hot exciton transport is 
limited by defects. 
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